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(57) ABSTRACT

A method for monitoring a system having an electrical con-
nection, the connection having at least two phases and respec-
tive currents, the system having a periodic behavior, the
method including the steps of: connecting sensors to measure
respective currents of two phases of the electrical connection;
transforming the measured currents to create initial current
information; making an initial determination of a normal
operation of the system; performing training and modeling of
the system, following the initial determination of normal
operation of the system, the training and modeling including
further current measurements yielding modeled current infor-
mation; monitoring the system, including instant current
measurements to yield instant current information indicative
of instant operation status of the system; and making an
instant determination of operation status of the system by
comparing the instant current information with the modeled
current information.
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1
SYSTEM AND METHOD FOR MONITORING
AN ELECTRICALLY-CONNECTED SYSTEM
HAVING A PERIODIC BAHAVIOR

This continuation application claims priority from cur-
rently-pending U.S. patent application Ser. No. 13/567,159,
filed 8 Aug. 2012, whose disclosure is incorporated herein by
reference.

FIELD AND BACKGROUND OF THE
INVENTION

Embodiments of the current invention are related to a sys-
tem and method for monitoring an electrically-connected
system having a periodic behavior and for identifying defi-
ciencies in such an electrically-connected system.

In the specification and claims which follow, the expres-
sion “electrically-connected” is intended to mean any electri-
cal or mechanical device or system which is a) electrically
powered; b) provides/generates electrical power; or ¢) has
characteristics of a combination of being electrically powered
and providing electrical power. Exemplary electrically-pow-
ered devices/systems include, inter alia, motors and lighting
devices. Exemplary electrically-generating devices include,
inter alia, generators and turbine systems. Exemplary combi-
nation electrically powered and electrically generating sys-
tems include, inter alia, hybrid vehicles as known in the art. In
the specification and claims which follows, the terms “motor”
and “machinery” are intended to mean the electrically pow-
ered devices/systems, as noted hereinabove.

Various diagnostic systems have been developed for the
early warning of fault detection in electrically-connected
rotating machinery/equipment. Many of these diagnostic sys-
tems include accelerometers, to collect the mechanical vibra-
tions/waves emitted by the rotating machine, and a control
unit to numerically analyze collected waves in the frequency
domain. The diagnostic systems typically comprise a sensor
or a plurality of sensors and a control unit, as known in the art.
The sensors are usually positioned in the vicinity of the rotat-
ing parts to be diagnosed, or upon the rotating parts them-
selves, and the sensors are typically connected electrically to
a control unit via cables/wires. As a result, such monitoring/
diagnostic systems require a large space within the machinery
“envelope”, which represents an additional space burden for
the machinery/equipment.

Examples of diagnostic systems are described in PCT
patent applications WO 04/017038 and WO 00/04359, whose
disclosure are incorporated herein by reference.

Recently, fault detection and diagnosis (FDD) methods
have been developed that compare output signals of a com-
plex system with an output signal obtained from a mathemati-
cal model of the same fault-free system. The comparison
between the signals of the mathematical model and those of
the complex system is quantified in terms of one or more
“residuals™, i.e. one or more values representing the difter-
ence between the two. An analysis of the residual is per-
formed to determine a type of system fault. The analysis
includes statistical methods employed to compare the residu-
als against a database of residuals for systems with known
faults.

Until recently it has been difficult to obtain accurate, real-
time models for multivariable systems, meaning systems hav-
ing more than one input and/or one output. If the model of a
system is not accurate, the residuals will reflect modeling
errors that are very difficult to separate from the effect of
actual faults.
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Duyar Ahmet et al. in U.S. Pat. No. 6,014,598, whose
disclosure is incorporated herein by reference, describe a
model based fault detection system and method for monitor-
ing and predicting maintenance requirements of electric
motors. The system includes a computer means coupled to
sensors which provide continuous real-time information of
the input voltage and current and motor speed. The system
and method utilize a multivariable experimental modeling
algorithm to obtain a mathematical description of the motor.
The algorithm compares the modeled result with a measured
result and quantifies the comparison in terms of a residual
which is generated by subtracting the respective signals. A
diagnostic observer analyzes the residual and determines if
the motor is fault free or operating in a manner other than fault
free. Upon detection of the impending fault, the diagnostic
observer evaluates the measured variables of the motor, deter-
mines the deviation from the reference value and develops a
diagnosis of the likely failed or failing component.

Parlos Alexander et al. in U.S. Pat. No. 6,713,978 and U.S.
patent application 2003/0065634, whose disclosure is incor-
porated herein by reference, describe a non-linear, semi-para-
metric neural network-based adaptive filter which is utilized
to determine the dynamic speed of a rotating rotor within an
induction motor, without the explicit use of a speed sensor,
such as a tachometer. The neural network-based filter is
developed using actual motor current measurements, voltage
measurements, and nameplate information. The neural net-
work-based adaptive filter is trained using an estimated speed
calculator derived from the actual current and voltage mea-
surements. The neural network-based adaptive filter uses
voltage and current measurements to determine the instanta-
neous speed of a rotating rotor. The neural network-based
adaptive filter also includes an on-line adaptation scheme that
permits the filter to be readily adapted for new operating
conditions during operations.

Parlos et al., in U.S. Pat. No. 6,590,362 and in US patent
application 2003/0067277, whose disclosure is incorporated
herein by reference, describe a method and system for early
detection of incipient faults in an electric motor. First, current
and voltage values for one or more phases of the electric
motor are measured during motor operations. A set of current
predictions is determined via a neural network-based current
predictor based on the measured voltage values and an esti-
mate of motor speed values of the electric motor. A set of
residuals is generated by combining the set of current predic-
tions with the measured current values. A set of fault indica-
tors is subsequently computed from the set of residuals and
the measured current values. Finally, a determination is made
as to whether or not there is an incipient electrical, mechani-
cal, and/or electromechanical fault occurring based on the
comparison result of the set of fault indicators and a set of
predetermined baseline values.

Additionally, Parlos in U.S. Pat. No. 7,024,335, whose
disclosure is incorporated herein by reference, describes
assessing the condition of a device includes receiving signals
from a sensor that makes electrical measurements of the
device. An expected response of the device is estimated in
accordance with the received signals, and a measured
response of the device is established in accordance with the
received signals. An output residual is calculated according to
the expected response and the measured response. The con-
dition of the device is assessed by identifying a fault of the
device in accordance with the output residual.

There is therefore a need to facilitate simplified and lower
cost implementation of monitoring and identifying deficien-
cies in an electrically-connected system having a periodic
behavior.
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SUMMARY OF THE INVENTION

According to the teachings of the present invention there is
provided a method for monitoring a system having an elec-
trical connection, the connection having at least two phases
and respective currents, the system having a periodic behav-
ior, the method comprising the steps of: connecting sensors to
measure respective currents of two phases of the electrical
connection; transforming the measured currents to create ini-
tial current information; making an initial determination of a
normal operation of the system; performing training and
modeling of the system, following the initial determination of
normal operation of the system, the training and modeling
including further current measurements yielding modeled
current information; monitoring the system, including instant
current measurements to yield instant current information
indicative of instant operation status of the system; and mak-
ing an instant determination of operation status of the system
by comparing the instant current information with the mod-
eled current information. Preferably, the initial current infor-
mation includes: a normalized correlation frequency spec-
trum; a non-trivial frequency spectrum derived from the
normalized frequency spectrum; and a root-mean-square cal-
culation of the non-trivial frequency spectrum. Most prefer-
ably, the initial determination of normal operation of the
system further comprises an initial threshold check whereby
the root mean-square of the non-trivial spectrum is compared
to a threshold value. Typically, no training, modeling, and
monitoring of the system are performed when the initial
threshold check is not successful. Most typically, the initial
determination of normal operation of the system is completed
in a time period ranging substantially from 30 to 180 minutes.

Preferably, modeled current information includes a coeffi-
cient vector and a training feature table. Most preferably,
instant current information includes an instant feature table.
Typically, a residual energy is calculated based on the instant
current information and the modeled current information and
the residual energy is compared to at least one threshold to
make the instant determination of operation status. Most typi-
cally, training and modeling is completed in a time period
ranging substantially from 36 to 100 hours.

According to the teachings of the present invention there is
further provided a monitoring system for monitoring a system
having an electrical connection, the connection having at
least two phases and respective currents, the system having a
periodic behavior, the monitoring system comprising: at least
two current sensors adapted to be connected to the at least two
phases and to measure respective currents of the at least two
phases; an A-to-D converter connectable to the current sen-
sors and adapted to digitize the measured currents; a PC host
connectable to the A-D converter and adapted to process the
digitized measured currents to: create initial current informa-
tion indicative of initial normal operation of the system; per-
form training and modeling of the system, following the
indication of normal operation of the system, to yield mod-
eled current information; and monitor the system with instant
current measurements to yield instant current information
indicative of instant operation status of the system wherein
the monitoring system is adapted to make a determination of
instant operation status of the system based on a comparison
of the instant current information with the modeled current
information. Typically, the initial current information
includes: a normalized correlation frequency spectrum; a
non-trivial frequency spectrum derivable from the normal-
ized frequency spectrum; and a root-mean-square calculable
from the non-trivial frequency spectrum. Most typically, nor-
mal operation of the system is determinable based upon a
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comparison of the root mean-square and a threshold value.
Preferably, the indication of initial normal operation of the
system is completable in a time period ranging substantially
from 30 to 180 minutes.

Most preferably, modeled current information includes; a
coefficient vector and; a training feature table. Typically,
instant current information includes and an instant feature
table. Most typically, a residual energy is calculable, based on
the instant current information and the modeled current infor-
mation. Preferably, the instant operation status of the system
is determinable based upon a comparison of the residual
energy and at least one threshold.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is herein described, by way of example only,
with reference to the accompanying drawings, wherein:

FIG. 1 is an illustration of a system for electric pump fault
detection according to the Prior Art;

FIG. 2 is a schematic flowchart of steps in a monitoring
system, in accordance with an embodiment of the present
invention;

FIG. 3 is a schematic flowchart of a preamplifier, an A-to-D
converter, a control unit and a communication unit, integrated
into an autonomous unit in accordance with an embodiment
of the present invention;

FIGS. 4-6 are flow diagrams serving, together, to describe
a method of monitoring an electrically-connected system
having a periodic behavior, in accordance with an embodi-
ment of the present invention; and

FIGS. 7-11 are plots of coherence versus frequency, show-
ing a normal operation (FIGS. 7-8) and an abnormal opera-
tion (FIGS. 9-11) of an exemplary electric motor, as part of
the initial threshold check of F1G. 4 ofthe monitoring system,
in accordance with embodiments of the current invention.

DETAILED DESCRIPTION OF EMBODIMENTS

Embodiments of the current invention are related to a sys-
tem and method for monitoring an electrically-connected
system having a periodic behavior and for identifying defi-
ciencies in such an electrically-connected system—such as,
but not limited to, an electric motor.

Embodiments of the present invention additionally provide
a novel stand-alone monitoring system, integrating two
ROGOWSKI current transformers fixed together with the
monitoring system in the vicinity of the electrical board of an
electrically-powered system. The integrated current trans-
formers eliminate a need for wire/cable connection and facili-
tate placement of the monitoring system equipment along
with or remotely from the monitored system. The monitoring
system can perform signal measurement and analyses (using
an industrial processor) and results can be directly transmit-
ted (via wires or wireless means) to a central station location.
The monitoring system of embodiments of the invention
comprises an autonomous electronic system which may be
mounted as a stand-alone unit configured to remotely monitor
an electrically-connected system.

Therefore, there is provided an autonomous electronic sys-
tem, which may be used to exemplarily monitor an electri-
cally-connected system. The system comprises two current
sensors outputting two respective analog two-phase signals
(from the 3 phase AC electrical power supply) indicative of
the operation of the rotating part; a preamplifier; an Analog-
to-Digital (A-to-D) converter configured to receive the analog
signals from the current sensors; a control unit configured for
applying a spectral analysis to the signal outputted by the
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A-to-D converter to determine an abnormality in the opera-
tion of at least one of the rotating parts, and a communication
unit configured to transmit a final diagnosis result, wherein
the 2 current transformers (sensors), the preamplifier, the
A-to-D converter, the control unit, and the communication
unit are mechanically integrated parts and form a single
autonomous unit.

In some embodiments of the current invention, the control
unit comprises hardware and/or software modules.

Embodiments of the current invention include a system
configured to monitor any electrically-connected devices and
system having a periodic behavior, such as, but not limited to
machinery having a periodic behavior. Examples of such
systems are power plants, wind turbines, any turbine (jet, fan,
prop), combustion and electrical engines, generators, gear-
boxes, accessories such as pumps, fan coolers, compressors,
rotors, rotor blades, shafts, bearings, inter alia.

Embodiments of the current invention include the moni-
toring system being configured to detect deficiencies such as
mechanical faults such as, but not limited to: shaft imbalance;
foreign object damage (FOD); internal object damage (I0D);
wheel tooth fracture; wheel tooth wear; housing fracture/
deformation; bearing races pitting/spalling; bearing cage
fracture; ball bearing seizure; chips; coupling cracks; blade
fracture/deformation/cracks; and support fracture—all at an
early stage before serious failures. The system can also be
utilized for emergency early warning and for Condition
Based Maintenance (CBM).

According to another broad aspect of embodiments of the
present invention, a method is provided for creating a current
transformer-related database corresponding to component
features of proper functioning of a device or system; sensing
electrical current measurements corresponding to mechani-
cal vibrations produced by individual parts of a mechanical
system during operation; comparing the sensed measure-
ments with the current database using narrow band spectral
analysis; and identifying the device or specific part of the
system in which malfunctions occur and the type of malfunc-
tion. In the specification and claims which follow hereinbe-
low, the term “component feature” is intended to mean a
characteristic amplitude-frequency behavior associated with
arespective mechanical component of a system or ofa device.
Every frequency has its respective energy level, taken from
the entire frequency spectrum.

According to another embodiment of the current invention,
sensed current values, corresponding to indications of a mal-
functioning component are also included in the current data-
base. The current database can also be created during opera-
tion of a mechanical system, rather than being entered in
advance. Health measures indicating the development of an
impending malfunction can be transmitted (wirelessly or by
wire) to a central control station or to a responsible person to
take proper action.

Reference is currently made to FIG. 1, which is an illus-
tration of a system 1 for electric pump fault detection, accord-
ing to the Prior Art. System 1 comprises a driver—which is an
induction motor 2—and a driven load—which is a centrifugal
pump 4, which typically circulates a fluid. Pump 4 is con-
nected to motor 2 by means of shafts 6 and a mechanical
coupling 8. If motor 2 and pump 4 are both “healthy”, system
1 performs as per design specifications, and an output of
motor 2 (i.e. torque) would be as per the specifications. Simi-
larly, in a healthy system, outputs of pump 2, namely a flow
rate and a pressure difference, would be as per characteristics
curves of pump 4 provided by the manufacturer.

However, if motor 2 has a fault, the output torque may be
the same as compared to that of a normal (i.e. “healthy”)
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motor but the output torque of the faulty motor has extra
harmonics correlating to the fault. Similarly, if pump 4 is not
healthy, then it does not produce a required work (i.e., horse-
power). Moreover, the torque transmitted from motor 2 to
pump 4 is also influenced by the speed of pump 4. Hence, a
fault in either pump 4 or motor 2 has an effect on the torque
produced by the induction motor. Any changes in the torque
of motor 2 are reflected in changes in the currents (not indi-
cated in the figure) of motor 2.

Reference is made to FIGS. 2 and 3, which are schematic
block diagrams of a monitoring system 10, and details of PC
host 40, in accordance with embodiments of the present
invention. In the specification and claims which follow, the
expression “PC host” is intended to mean any computing
device as known in the art including, but not limited to: a desk
top computer; a laptop computer; a smartphone; and a server
computer.

Monitoring system 10 may be used for monitoring electri-
cally-connected equipment having periodic behavior—such
as, but not limited to electro-mechanical having at least one
rotating part. An exemplary application of monitoring system
10 is to monitor an electrically powered motor—not shown in
the figures.

Monitoring system 10 is configured as a stand-alone unit,
directly attachable to or located in the vicinity of an electrical
board (not shown in the figures) which belongs to a mechani-
cal system and the monitoring system can sense and analyze
signals (e.g. using an industrial processor without moving
parts) and produce results, all as described hereinbelow.

System 10, according to one broad embodiment of the
present invention, measures AC current using two current
sensors 14—current transformers (e.g. ROGOWSKI coils)
for measuring current from distribution lines 12 of the elec-
tromechanical powered system, for example, a 3-phase elec-
trical motor (not shown in the present figure, but similar to
motor 2 of FIG. 1). Current sensors 14 have a frequency
response in a range of about 10 Hz to 50,000 Hz. Current
sensors 14 are equipped with two safe sockets 16 for
ROGOWSKI coil cable ends and are connected by cables 18
having a length of approximately 1 meter to a BNC socket 20
and further to an adaptor 22. Adaptor 22 is made as a 2xBNC-
to-PL two adaptors (high quality with Ferrite). Adaptor 22 is
connected by a microphone socket 24 to USB Sound Card 26,
which also has a headphone socket 28.

According to a preferred embodiment of the present inven-
tion, PC host 40 is a TQ-Mini unit and schematically consists
of: a preamplifier 42, an A-to-D converter 44 (e.g. sampling
card), a controlunit 46 (e.g. processor or microprocessor) and
acommunication unit 48 (e.g. wireless communication card),
for transmitting final results, as described further hereinbe-
low.

PC host 40 is supplied with USB sockets 54, 56, 58, a light
signal 60, a VGA outlet 62, LAN outlet 64 and a power inlet
66 for a DC 5V small USB. A USB Cord 68 connects small
USB Power inlet 66 with a transformer 70 (typically 5V DC)
via a USB splitter 72—two USB inlets. Transformer 70 is
connected by a wire 74 having a plug 76, for electrical supply
to PC host 40. Exemplary electrical supply value is 110 and
220V AC. Monitoring system 10 can be connected to a DC
power supply (not shown in the figures).

Current sensors 14 are an integrated part of monitoring
system 10. Cables 18, having a typical length ranging from
0.5 10 2.0 m, but less than approximately 3 m are used. One of
the advantages of the configuration shown in FIGS. 2 and 3 is
that only one location of system 10 is required within device
or system being monitored—generally yielding, inter alia,
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shorter cabling lengths, as opposed to much larger devices for
monitoring, based on accelerometers.

In some embodiments, system 10 does not have moving
parts so as to avoid internal background noise and vibrations.
Likewise, control unit 46 has a flash memory (not shown in
the figure)—as opposed to a hard drive—and control unit 46
can be configured without a cooling fan for its processor.
Control unit 46 serves to identify the presence of failures
and/or of faulted mechanical components of the monitored
system/device, and to give earlier alerts for possible future
failures using spectral analysis—as further described herein-
below.

Monitoring system 10 is placed near the monitored system/
device being monitored (referred to alternatively hereinbelow
as “machinery”) and performs the following operations, as
further described hereinbelow:

a) Measurement of incoming currents feeding the machin-
ery;

b) Analyses of the spectral features of current measure-
ments;

¢) Performing a decision process (“normal”/“abnormal”
operation); and

d) Sending results to a central station (i.e. control center—
not show in the figures)

In some embodiments, of the current invention, to compen-
sate measured sound level spectral features, monitoring sys-
tem 10 has an optional data collection bus (not shown in the
drawings) originating from the machinery. Examples of data
collected are: rotation speed, torque, air velocity, ambient
pressure, ambient temperature, elevation/altitude, fuel con-
sumption, pitch roll or yaw angles, speeds or accelerations,
inter alia.

Monitoring system 10 can include a data acquisition card
with an anti-aliasing filter. The data acquisition module can
be configured as a high performance sound and vibration
A-t0o-D measurement card. The data acquisition card is a
Peripheral Component Interconnect (PCI) connected to a PCI
slot in the fan-less industrial processor but can be also con-
nected via USB 54.

Communication unit 48 serves to deliver a final diagnosis
result to control unit 46 via wire or a wireless connection. The
wireless connection can be configured as an IEEE 802.11n
WLAN, or RF transmitter/receiver, GPRS, or satellite com-
munication. Control unit 46 can be monitored via a remote
connection through communication unit 48. The technique of
monitoring can also be updated via communication unit 48.

As noted previously, the output of preamplifier 42 delivers
signals to Analog-to-Digital (A-to-D) converter 44 config-
ured to receive these analog signals from current sensors 14.
Output signals of current sensors 14 are sampled and con-
verted to a series of digital signals by an analog to digital
(A-to-D) converter 44 having a suitable sampling frequency.
Then digital signals are delivered to control unit 46, which is
configured for applying a spectral analysis to the signal out-
putted by A-to-D converter 44 to determine an abnormality in
the operation of at least one of the electromechanical machine
rotating parts. Analog to digital (A-to-D) converter 44 is
coupled to a microprocessor (not shown in the figure) of
control unit 46 where the sampled data are stored for a pre-
determined period. Control unit 46 then analyses the deliv-
ered signal in comparison with the data received from the
mentioned electrical-related database using mathematical
and statistical tools (e.g. narrow band spectral analysis) and
identifies a specific part of the machinery with malfunctions
and identifies the type of deficiency.

Reference is presently made to FIGS. 4-6, which are flow
diagrams serving, together, to describe a method of initially
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checking and then monitoring an electrically-connected sys-
tem having a periodic behavior, such as, but not limited to, a
rotating part of a mechanical system, in accordance with
embodiments of the present invention. The method is
described hereinbelow, with reference to elements identified
in FIGS. 2-3.

In FIG. 4 is a schematic flowchart showing algorithm 100,
which is a series of steps performed to initially determine
whether the system being monitored (in this case, a motor) is
considered “normal” or“not normal”. The determination is
important because subsequent monitoring steps are valid only
when compared to a “normal” system. Should the system be
initially determined as “not normal”, the system must then be
further checked and/or other actions may be necessary.

Algorithm 100, which including a step referred to herein-
below as “initial threshold check™, preferably takes a number
of minutes and typically less than a few hours to complete—
as opposed to other prior art methods which could take days
to complete. The significantly reduced time for the determi-
nation of “normal”/*not normal” system, in accordance with
embodiments of the current invention, not only saves time
and resource allocation, but also intrinsically contributes to a
more reliable determination—as the system itself my
undergo changes during extended testing/sampling.

In algorithm 100, steps 102 and 104, Phase 1 recording and
Phase 2 recording, respectively, analog signals from the alter-
nating current supply for two current phases of an exemplary
3-phase motor (not shown in the figures) are recorded, as
described hereinabove in FIGS. 2 and 3. Respective recorded
analog signals are then converted to discrete current signals in
A-to-D converter 44 to which constant parameters are
applied. The parameters characterize the process of conver-
sion of analog signals to discrete signals, i.e. the sampling/
monitoring rate and the time period of the signal subjected to
conversion, as known in the art. A typical monitoring rate may
be 50 KHz, and a typical time period for sampling may range
from approximately 1 to 24 seconds, with an optimal time
period of approximately 12 seconds.

In respective steps 106 and 108, Phase 1 integration and
Phase 2 integration, respectively, recorded digital signals
from previous respective steps 102 and 104 are currently
integrated, to obtain digital values representing the actual
respective currents. Following this, in steps 110 and 112,
Phase 1 high pass filtering and Phase 2 high pass filtering,
respectively, are performed on the integration results to effec-
tively remove DC effects from integration, as known in the
art. This yields “2 phases of current data” (i.e. initial, digitized
current data from 2 phases, before subsequent mathematical
manipulation and analyses, as described hereinbelow) in step
114,

In step 116, Validity Test RMS & Kurtosis, digital current
data from the 2 phases of current data of step 114 are statis-
tically transformed, as known in the art—where RMS is the
2nd moment and Kurtosis is the 4th moment of the current
data. A validity test result is assessed as “Yes” or “No”, as
known in the art.

If the validity test result of step 116 is “No”, control is
returned to step 114 and the next signal recording is evalu-
ated. If the validity test result of step 116 results is “Yes™, then
the present signal results are passed to step 118, Features
Extraction Class 1, according to the following operations:

a. Using the last recorded measured digital current values,
a normalized correlation C,,(f), frequency spectrum is cre-
ated, as known in the art, according to:

Clz(f):‘Plz(f)‘z/Pu(f)Pzz(f)
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Where:

f=frequency

P, ,=cross power spectrum of the two signals, phasel and
phase2

P, ,=power spectrum of phase 1

P,,=power spectrum of phase 2

b. Features are then extracted from the above frequency
spectrum corresponding to trivial frequencies and a root-
mean-square is then calculated for the resultant spectrum,
schematically according to the relation:

C=RMS(Zc,

non-trivial frequencies)

The normalized correlation frequency spectrum, the fre-
quency spectrum having corresponding trivial frequencies
extracted and the root-mean-square calculation, all as
described hereinabove, are collectively referred to hereinbe-
low as “initial current information”.

After step 118, control is transferred to step 120, C>initial
threshold. Step 118 is also referred to in the specification and
claims with follow hereinbelow as an “initial threshold
check”. (Additional discussion of the initial threshold,
including examples, follows hereinbelow in description of
FIGS. 7-11.)

If the answer to “C>initial threshold?” is “no” in step 120,
then the monitored motor is OK, and the initial threshold
check is successtul. Control is transferred to step 122, PRO-
CEED. Training, modeling, and routine monitoring of the
system being monitored presently take place, as described
hereinbelow in algorithm 130, shown in FIG. 5.

If'the result of step 120 is “yes”, the monitored motor is not
OK (i.e., the initial threshold check is not successful) and
control is transferred to step124, Stop/recheck. An alarm
and/or another indication (not shown in the figures) of a
fault/abnormal operation of the motor is initiated. No further
training/testing of the motor is performed until after the prob-
lem is found. When and if the problem is found, algorithm
100 is restarted with steps 102 and 104. Performance of the
initial threshold check serves to save expending valuable
resources and time training a motor that does not initially
exhibit normal characteristics.

In another embodiment of the current invention, step 124
may include one or more additional thresholds as described
hereinbelow with reference to FIGS. 7-11.

Referring presently to FIG. 5, algorithm 130 includes itera-
tive steps (indicated by the integer value “L.”) to first train,
then model, and to then routinely monitor the exemplary
motor, in accordance with embodiments of the current inven-
tion.

Instep 132 acalculation of L-L,,,, is made where the value
L., 1s an integer vale representing the minimum steps nec-
essary for training.

L, is typically determined empirically from previous
training attempts and/or from time and computing con-
straints. For example, L,,,,, may be determined to be the num-
ber of steps that yield approximately 48 to 96 hours of training
and modeling. In the case of electric motors, typical values of
may range from 50 to 200.

Three possible results for the calculation in step 132 are:

L-L,,,,<0, “training”; control is transferred to step 134;

L-L,,;,=0, “modeling”; control is transferred to step 136;
and

L-L,,,,>0, “monitoring™; control is transferred to step 138.
Training—Step 134

The result of L-L,,,;,,<0 in step 132 yields continued train-
ing in step 134. Training is the first activity performed (typi-
cally repeated numerous times) to “teach” the algorithm spe-
cific features/characteristics of the signal of the previously-
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determined “normal” motor. Control is transferred to step
140, Form training feature table, as described hereinbelow in
FIG. 6. (A training feature table is formed on the first iteration
and successive spectrum information is added to it in each
successive iteration.) Following step 140, L. is incremented in
step 142, [=0L+1. Control is then returned to step 132 for
another L-L,,, calculation, as described hereinabove.
Modeling—Step 136

When the result in step 132 of L-L,,, =0, iterative training
steps have been completed and a one-time modeling step is
performed in step 136, Modeling. Modeling involves calcu-
lating one-dimensional second order and two dimensional
second order polynomial coefficients from the training fea-
ture table of the previous step. This yields a coefficient vector
(A). The coefficient vector and the training feature table are
collectively referred to hereinbelow as “modeled current
information”. The modeled current information serves as
baseline information during subsequent routine monitoring
(described hereinbelow) against which to compare instant
operation status of the system being monitored.
Monitoring—Step 138

Following modeling step 136, control is then returned to
step 132 for another L-L,,,, calculation. When the result in
step 132 of L-L,,,,>0 (i.e. starting with the iteration imme-
diately following modeling) training and modeling steps
described hereinabove are complete. Control is transferred to
step 138, Monitoring, which includes, inter alia, instant cur-
rent measurement and transformations, similar to those
described hereinabove for the training step to determine an
instant operation status, as described hereinbelow.

In step 143, Form instant feature table, data from the instant
current measurements (similar to steps 102 through 116, as
described hereinabove in FIG. 4) are used to form an instant
feature table, as described hereinbelow in FIG. 6. The instant
feature table is referred to hereinbelow as “instant current
information”.

Following step 143, a residual calculation is then per-
formed in step 146, according to the relation, as known in the
art:

€ VinsiYeorain™YinseFinse' s

where:

€ residual energy

Vs, €0€rgy calculated from instant monitoring

Vrain €0ETrEY calculated from training

X,,.s; parameter matrix calculated from instant monitoring

A coefficient vector obtained from modeling

At this point, control in algorithm 130 proceeds to step 148,
“€ 7?7, where the value of residual energy calculated in step
146 hereinabove is evaluated with regard to two threshold
values, T1 and T2. T1 is a first value, typically corresponding
to 40 value of a residual distribution, as known in the art.
Likewise, T2 is a second value, typically corresponding to 8o
value of a residual distribution, as known in the art.

Possible results are:

€ <T1—yielding step 149, normal (the motor is evaluated
as having a “normal” operation status);

€ >T2—yielding step 150, abnormal (the motor is evalu-
ated as having an “abnormal” operation status); and

T1<€ <T2—yielding step 151, abnormal (the motor is
evaluated as having a “marginal” operation status).

Typically, following step 149 (“normal”) control in algo-
rithm 130 may be transferred to step 138, to continue routine
monitoring of the motor. Alternatively, monitoring may be
presently stopped. Algorithm 130 may be initiated at step
138, when it is desirable to again continue routine monitoring
of the motor.



US 9,316,676 B2

11

Typically, following steps 150 (“abnormal”) and 151
(“marginal”) control in algorithm 130 may be transferred to
step 138, to continue routine monitoring of the motor. How-
ever, because either an “abnormal” or “marginal” motor con-
dition has been identified, more typically, motor operation is
curtailed or stopped to perform motor maintenance/repair/
replacement work and routine monitoring is likewise cur-
tailed or stopped.

Reference is currently made to FIG. 6, which starts with
step 144, Form feature table. Step 144 is essentially equiva-
lent to steps 140 and 143, both previously mentioned in FIG.
5 with regard to training and to routine/instant monitoring.
Feature extraction is known in the art and the following steps
are summarized for purposes of clarity.

Current signals recorded in Phase 1 Time Domain, step
152, and Phase 2 Time Domain, step 154, serve to describe
parameters of the exemplary 3-phase motor being monitored.
The signals are compared with the respective power spec-
trums in steps 156 and 158, and the respective Features
extraction Class II in steps, 165 and 166—which are equiva-
lent steps (but refer, respectively, to phase 1 and phase 2
information). Energies of specific frequencies defined and are
then calculated according to the expression:

Jydf;

where [;ydf is the integral of y spectra as a function of the
frequency f at all i features.

In parallel, as indicated in the figure, following steps 152
and 154, a coherence spectrum is formed in step 164 and
feature extraction class 1 is performed in step 167, in identical
fashion to both steps performed and described hereinabove in
step 118 of FIG. 4.

The two values corresponding to Feature extraction Class |
of'Step 167 are recorded in separated feature table in step 168.
The separated feature table of step 168 also contains the
features extracted from steps 165 and 166, as described here-
inabove.

Values from the tabulated features extracted in steps 165
and 166 are then aggregated in step 170 Aggregation, to yield
aggregated data, as known in the art. The resultant data is then
recorded, in step 172, to yield a combined feature table, which
includes the aggregated data and the two values correspond-
ing to feature extraction Class I of Step 167, hereinabove.

Following step 170, control is reverted back to steps 140
and 143 of FIG. 5.

Reference is made to FIGS. 7-11, which are spectral coher-
ence plots expressed in coherence 305 (abbreviated as “corr”
in each plot) versus frequency 310, as part of the initial
threshold check, as described in FIG. 4 hereinabove, in accor-
dance with embodiments of the current invention. The spec-
tral plots include those of: normal initial operation (plots 320
and 330 of FIGS. 7 and 8) and; abnormal initial operation
status (plots 340, 350, and 360 of FIGS. 9-11) of an exem-
plary electric motor.

The values of coherence 305 shown range from 0 to 1 while
the values of frequency 310 range from 0 to 2x10* (i.e.
20,000) Hz.

The plots shown in FIGS. 7-11 are based on the calculation
of'normalized correlation C,, (f), as described hereinabove in
step 118 of FIG. 4.

It can be seen that in normal initial operation (plots 320 and
330 of FIGS. 7 and 8) the coherence of 2 phases is naturally
high at the trivial frequencies (for example: harmonics of an
exemplary 50 Hz supply frequency i.e. 50, 100, and 150 Hz,
etc.) while at other frequencies, the coherence has lower
values.
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In plots 340, 350, and 360 of FIGS. 9-11, representing
abnormal initial operation status of the motor, coherence at
non-trivial frequencies is high, indicative of irregular opera-
tion on both phases simultaneously. The high coherence val-
ues of non-trivial frequencies in plots 340, 350, and 360 are
much more significant than coherence levels of plots 320 and
330.

An RMS calculation may be made for each of the plots
described hereinabove according to the expression:

RMSC=V(IC 5(df)

Where f is evaluated between 0 and 400 orders (evaluated
at a base frequency of 50 Hz, thereby yielding a range of O to
20 kHz) and only the non-trivial frequencies are included,
meaning all frequencies except 50 Hz harmonics.

Referring again to FIG. 4, steps 122 and 124 respectively
refer to successfully passing the initial threshold check and
unsuccessfully passing the initial threshold check. Alterna-
tively or alternatively, step 124 (stop/recheck) may be further
subdivided to two steps not shown in thee figure: recheck; and
stop, as discussed further hereinbelow.

It has been found that a direct determination of normal,
marginal, and abnormal motor operation may be made from
the RMSC wvalues of plots similar to those shown and
described in FIGS. 7-11 hereinabove, where:

RMSC<S is indicative of a normal operation (i.e. step 122
of FIG. 4);

5=RMSCx=10 is indicative or marginal operation; and

RMSC>10 is indicative of abnormal operation.

Embodiments of the monitoring system of the current
invention have the following advantages:

No physical intervention or installation on the monitored

machinery;

Relatively short learning period of the equipment is

required;

No kinematic parameters of the rotating parts is required;

No need for RPM and voltage measurements;

Ability to diagnose new motors and repaired motors;

Provide near-immediate information regarding the moni-

tored system following connection of the monitoring
system,

The monitoring system has an electrical supply backup in

case of electrical shutdown

Logging all raw data for at least two years

Need only two current sensors, obtaining higher perfor-

mance and high sensitivity by using a physical model for
cancelling load and environmental influence, and

The monitoring system is mounted in the monitored sys-

tem electrical board, with no need for the monitoring
system to be located at/next to the monitored system
and/or shutting down the monitored system.

It is emphasized that whereas the system monitored by the
monitoring system has been described hereinabove as an
exemplary electrical motor and/or rotating equipment,
embodiments of the current invention include monitoring any
electrically-connected device or system which is: a) electri-
cally powered; b) provides/generates electrical power; or ¢)
has characteristics of a combination of being electrically
powered and providing electrical power.

It will be appreciated that the above descriptions are
intended only to serve as examples, and that many other
embodiments are possible within the scope of the present
invention as defined in the appended claims.

The invention claimed is:
1. A method for monitoring a system having an electrical
connection, the connection having at least two phases and
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respective currents, the system having a periodic behavior,
the method comprising the steps of:

connecting sensors to measure respective currents of two

phases of the electrical connection and transferring the
measured current information to a PC host;

using the PC host to transform the measured currents and to

create initial current information whereby the initial cur-
rent information includes: a normalized correlation fre-
quency spectrum, derived from the cross power spec-
trum of the at least two phases; a non-trivial frequency
spectrum derived from the normalized frequency spec-
trum; and a root-mean-square calculation of the non-
trivial frequency spectrum;

making an initial determination of a normal operation of

the system using the PC host;

operating the PC host to perform training and modeling of

the system, following the initial determination of normal
operation of the system, the training and modeling of the
system including further current measurements yielding
modeled current information;

monitoring the system, which includes performing instant

current measurements of the system and using the PC
host to yield instant current information indicative of
instant operation status of the system; and

making an instant determination of operation status of the

system by using the PC host to compare the instant
current information with the modeled current informa-
tion.

2. The method of claim 1, whereby the initial determination
of'normal operation of the system further comprises an initial
threshold check whereby the root mean-square of the non-
trivial spectrum is compared to a threshold value.

3. The method of claim 2, whereby no training, modeling,
and monitoring of the system are performed when the initial
threshold check is not successful.

4. The method of claim 2, whereby the initial determination
of normal operation of the system is completed in a time
period ranging substantially from 30 to 180 minutes.

5. The method of claim 4, whereby modeled current infor-
mation includes a coefficient vector and a training feature
table.

6. The method of claim 5, whereby instant current infor-
mation includes an instant feature table.

7. The method of claim 6, whereby a residual energy is
calculated based on the instant current information and the
modeled current information and the residual energy is com-
pared to at least one threshold to make the instant determina-
tion of operation status.
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8. The method of claim 1, whereby training and modeling
is completed in a time period ranging substantially from 36 to
100 hours.

9. A monitoring system for monitoring a system having an
electrical connection, the connection having at least two
phases and respective currents, the system having a periodic
behavior, the monitoring system comprising:

at least two current sensors configured to be connected to

the at least two phases and to measure respective cur-
rents of the at least two phases;

an A-to-D converter connected to the current sensors and

configured to digitize the measured currents;

a PC host connected to the A-D converter and configured to

process the digitized measured currents to:

create initial current information indicative of initial
normal operation of the system wherein the initial
current information includes: a normalized correla-
tion frequency spectrum derived from the cross power
spectrum of the at least two phases; a non-trivial fre-
quency spectrum derived from the normalized fre-
quency spectrum; and a root-mean-square calculated
from the non-trivial frequency spectrum;

perform training and modeling of the system, following
the indication of normal operation of the system, to
yield modeled current information; and

monitor the system with instant current measurements to
yield instant current information indicative of instant
operation status of the system

wherein the monitoring system is configured to make a

determination of instant operation status of the system
based on a comparison of the instant current information
with the modeled current information.

10. The monitoring system of claim 9, wherein normal
operation of the system is determined based upon a compari-
son of the root mean-square and a threshold value.

11. The monitoring system of claim 10, wherein the indi-
cation ofinitial normal operation of the system is completable
in a time period ranging substantially from 30 to 180 minutes.

12. The monitoring system of claim 10, wherein modeled
current information includes; a coefficient vector and; a train-
ing feature table.

13. The monitoring system of claim 12, wherein instant
current information includes and an instant feature table.

14. The monitoring system of claim 13, wherein a residual
energy is calculable, based on the instant current information
and the modeled current information.

15. The monitoring system of claim 14, wherein the instant
operation status of the system is determinable based upon a
comparison of the residual energy and at least one threshold.
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